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Abstract. We calculate the two-time current correlation function using the
experimental data of the current-time characteristics of the Gas-DNA-decorated carbon
nanotube field effect transistor. The pattern of the correlation function is a measure of
the sensitivity and selectivity of the sensors and suggest that these gas flow sensors may
also be used as DNA sequence detectors. The system is modelled by a one-dimensional
tight-binding Hamiltonian and we present analytical calculations of quantum electronic
transport for the system using the time-dependent nonequilibrium Green’s function
formalism and the adiabatic expansion. The zeroth and first order contributions to
the current I(0)(t¯) and I(1)(t¯) are calculated, where I(0)(t¯) is the Landauer formula.
The formula for the time-dependent current is then used to compare the theoretical
results with the experiment.
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1. Introduction
Carbon nanotubes (CNTs) [1] have inspired many researchers to investigate and
develop CNT-based devices for electronic sensing of various gases and chemical odours
[2, 3, 4, 5, 6, 7]. The chemical sensing capabilities of CNT-based devices appear very
promising because of their unique structural and electrical properties [1]. However,
these devices have a limitation that they can detect only those molecules which bind
to them, as some chemical species do not interact with the bare CNTs. Research
emphasis to overcome this limitation of CNT-based sensors has led to the development
of novel sensing materials and technologies. The sensing capability of CNTs can be
improved by their functionalization with certain molecules or polymers [8, 9, 10, 11, 12].
Functionalization of CNT, especially with DNA (DNA-CNT hybrid), has attracted the
attention of many experimental [12, 13, 14, 15, 16] and theoretical [17, 18, 19, 20]
groups in the past few years. The fascinating DNA-CNT hybrid has led to a vast range
of improved and novel applications in nanotube dispersion and sorting [13, 14, 16],
and chemical [12] and biological sensing [15]. To realize such applications, a detailed
understanding of the fundamental molecular interactions, physical and electronic
properties of DNA-CNT hybrids is required. In this connection, theoretical studies have
been done on DNA-CNT hybrids [21] to explain their stability [17], DNA sequencing
[18], and the interaction of the bases with the CNT [19, 20].
The study of electronic transport properties of DNA functionalized CNT sensors
is one of the most active areas of today’s research due to the spectacular combination
of molecular and mesoscopic scale phenomena. Electronic transport in these systems
is divided into stationary and time-dependent phenomena. Stationary transport for
nonequilibrium systems has been studied by many authors [22, 23]. Meir and Wingreen
[24] reformulated the ideas given in [22] (and references therein) using the Keldysh
approach to study interacting mesoscopic systems, leading to a Landauer formula. Later,
Wingreen et al [25] introduced a general formulation for time-dependent transport
through mesoscopic structures. Using this formalism a theoretical understanding of
experiments [25, 26] has been presented for time-dependent voltages. In this work, we
present an analytical treatment of the electronic transport in gas flow over a single-
stranded DNA (ss-DNA)-decorated single wall carbon nanotube (SWNT) connected to
source (S) and drain (D) contacts maintained at zero gate voltage Vg = 0 V and a fixed
bias voltage Vb = 100 mV using a tight-binding model in conjunction with the time-
dependent nonequilibrium Green’s function formalism (NEGF) [22]. To our knowledge,
there has not been much theoretical work done to study the quantum transport in
such a gas sensor and this manuscript is an important contribution in this direction.
The choice of this model system is motivated by the experiment [12] that found the
current-time characteristics of ss-DNA-decorated SWNT-FET sensors upon odour and
air exposures. The SWNTs used in the experiment [12] were all selected to be p-
type semiconducting SWNTs with diameters ranging from 1 to 2 nm, but not all the
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same chirality ‡. For this system, time-dependence arises as a different number of gas
molecules flows over and interacts with the DNA-decorated SWNT at each time t¯ s
for an exposure time of 50 s. This results in the hopping integral and on-site energy
being functions of time, and leads to a time-dependent Hamiltonian for the SWNT.
Experimentally, the length of the nanotubes varies between 5 and 10 µm and electrodes
are deposited on the nanotube with a separation of about 1.5 µm. So only a fraction of
the nanotube length is involved in transport. The bare devices do not respond to odours
such as dimethyl methylphosphonate (DMMP), 2, 6 dinitrotoluene (DNT), propionic
acid (PA), and methanol while for trimethylamine (TMA) the response is weak [12].
The sensor response is observed only when the device is coated with DNA. Since the
length of the DNA sequence is of the order of a few nanometers, then the effective
length of the SWNT (Leff ) which contributes to a change in the conductance is of the
same order. Therefore, the effective length of the nanotube is assumed to be less than
the phase coherence length. Thus, to study quantum transport in gas flow over such
nano-structures the time-dependent NEGF formalism is well suited. The characteristic
curves show fluctuations in the current response. We calculate these fluctuations in
terms of the two-time current correlation function.
2. two-time current correlation function
We begin with the calculation of the two-time current correlation function using the
experimental data [12]. The two-time current correlation function C(t¯) is defined as
C(t¯) =
1
n
n∑
i=1
Ii(t¯)Ii(t¯+ δt¯)−
1
n
n∑
i=1
Ii(t¯)×
1
n
n∑
i=1
Ii(t¯+ δt¯), (1)
where Ii(t¯) = Ii(t¯)/I0 is the normalized source-drain current at time t¯ in the i
th gas
exposure cycle. Let us consider δt¯ = 1 s and n is the total number of exposure cycles.
The correlation function calculated here is different from that shown in our previous
work [27] equation (2) and for other mesoscopic systems [28] equation (5.57) and [29].
The second terms in equation (2) of [27] and equation (5.57) of [28] are < Ii(t) >
2 and
< g >2 respectively, where < · · · > denotes the ensemble average. Instead of < Ii(t) >
2,
here we use
(
1
n
∑n
i=1 Ii(t¯)
)
×
(
1
n
∑n
i=1 Ii(t¯+ δt¯)
)
, as the average 1
n
∑n
i=1 Ii(t¯) is different
from the average 1
n
∑n
i=1 Ii(t¯+δt¯), because for each δt¯ there is contribution to the current
from another base. In the system (Gas+DNA+SWNT complex), at δt¯ = t¯1 s the gas
molecule interacts with a base (say, cytosine) attached to the carbon atom and for the
next δt¯ the gas molecule interacts with another base thymine (say), so for each δt¯ the
current changes as the Gas-DNA-base complex changes upon gas exposure. This is not
the case for the usual disordered mesoscopic systems considered in experiments, where
both the averages 1
n
∑n
i=1 Ii(t¯) and
1
n
∑n
i=1 Ii(t¯ + δt¯) are the same ([28] equation(5.57)
and [29]).
‡ The reproducible sensor response from sample to sample in experiment [12] indicates that the energy
gap is an important factor, since metallic tubes show no response, but the precise chirality has either
no or only a small effect (private communication with Professor A T Charlie Johnson).
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We observe distinct patterns for the different odours and sequences, figure 1. This
indicates selective recognition of each odour by the sensors. In particular, the pattern
of the correlation function for methanol with sequence 1, figure 1(c), is different from
methanol with sequence 2, figure 1(d). This shows that the correlation function is
sensitive to different gases and DNA sequences. Hence, the two-time current correlation
function is a measure of the sensitivity and selectivity of the DNA-decorated SWNT
sensors. The correlation function suggests that these gas flow sensors may also be used
as DNA sequence detectors, where the pattern of correlation functions may be used as
a benchmark for the particular chemical signal encoded in a DNA sequence. Such an
analysis to study the sensor response for gas sensors has never been done before. Figure
1 shows highly fluctuating data, these fluctuations are due to the structure of the DNA
sequences as shown in [27].
3. Tight-binding model and nonequilibrium Green’s function
The experiment [12] with gas exposure indicates that the sensor response (∆I/I0) is
zero for pristine SWNT, and as DNA is applied on SWNT the sensor response changes.
When SWNTs are coated with DNA the bases bind to SWNTs through vdW forces
and by forces due to their mutual polarization, which results in a charge transfer from
DNA to the SWNT [13, 18, 19, 20]. The gas molecules get adsorbed on SWNTs through
vdW forces and/or mutual polarization between the gas molecules and the DNA-SWNT
complex [27]. The interaction of gas molecules with DNA-decorated SWNT causes
charge redistribution leading to a fractional charge transfer from the Gas-DNA-base
complex to the SWNT [27]. This is responsible for the change in sensor current. It
is assumed that the charge transfer from the Gas-DNA-base complex to the SWNT is
larger than the charge transfer from DNA base to the SWNT, as the net charge transfer
from DNA base to the SWNT is found to be small [18]. Since the ss-DNA sequence is a
linear chain, and only those nearest-neighbour carbon atoms contribute to the changes in
current which interact with the DNA bases, so we model the ss-DNA-decorated SWNT
using a one-dimensional tight-binding Hamiltonian for the SWNT, where the electron
hops between carbon atoms with different hopping integrals and on-site energies at
different times. In our formalism, the effect of gas flow and DNA functionalization in
the channel can be modelled by a time-dependent potential. Here, we model the effect
by the time-dependent hopping integrals and on-site energy in a self-consistence manner
[30].
Now we investigate electronic transport through the model system using the time-
dependent NEGF formalism. For this, a tight-binding model of the SWNT and
Gas-DNA complex is set up. In this microscopic tight-binding model, there are two
approximations: the first approximation is the tight-binding between the carbon atoms
of SWNT and the second is the interaction between the carbon atoms of SWNT and
Gas-DNA-base complex, where we assume that the carbon atom interacts with the
nearest-neighbour DNA base.
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Figure 2 shows the schematic diagram of the chosen model system, i.e., Gas-DNA-
SWNT sandwiched between S and D contacts. Here, we present a simplified picture of
the complex model and its operation. Xi = A1, B1, A2, B2, · · · represents the carbon
atoms, where X can be A or B, the index i = 1, 2, · · · , (M +1)/2 or M/2 is the number
of the carbon atom and M is the total number of carbon atoms. The first and the last
carbon atoms, A1 and XM/2 (X(M+1)/2) are connected to S and D. The bases cytosine,
thymine etc. of an ss-DNA sequence 2 [12] (shown by ovals) are attached to different
carbon atoms and the circle represents the gas molecule. The arrow indicates the path
of transmission.
The operational principle of the model is based on the changes in its electrical
properties due to DNA bases and gas molecules adsorbed on the SWNT surface. Initially,
the DNA sequence is applied on the SWNT, e.g., the cytosine base attaches to the carbon
atom B1 and thymine base attaches to A2 and so on. When the gas is exposed to the
sensor for a duration of 50 s, then at time t¯1 s the gas molecule interacts with the cytosine
base through vdW forces and/or mutual polarization [27]. As a result, the electron hops
from the π orbital of one carbon atom A1 to the neighboring carbon atom B1 and the
tunnelling of the electron from A1 to B1 is an elastic process with the corresponding
integral referred to as the hopping integral γ11(t¯1). Then, the electron hops from B1 to
A2 with the hopping integral γ12(t¯1), and from A2 to B2 with γ22(t¯1) = γ0, where γ0 is the
hopping integral without the gas. Hence, the hopping integrals between other carbon
atoms γij(t¯1) are also γ0, figure 2(a). The indices i(j) =1,2,· · · p(q) where p = q =M/2
for even M and p = (M − 1)/2 and q = (M + 1)/2 for odd M . The timescale of
electron transport through the SWNT is far less than the experimental timescale of the
gas flow, therefore the electron sees a steady state at t¯1 s. Similarly, at t¯2 s another gas
molecule interacts with the thymine base attached to the carbon atom A2, resulting in
the hopping integrals γ11(t¯2), γ12(t¯2), γ22(t¯2), and other γij(t¯2)=γ0, figure 2(b). In this
case, the electron sees a steady state at t¯2 with γij(t¯2) different from γij(t¯1) when the
bases interacting with the gas molecules are different. In a similar way at time t¯M/2
for even M , the time when the gas molecule interacts with the last base of the DNA
sequence 2 attached to the carbon atom, the hopping integrals are γ11(t¯M/2), γ12(t¯M/2),
· · ·, γpq(t¯M/2), figure 2(c). Hence, we find the hopping integrals as well as the on-site
energy change with the time t¯ at which the gas molecules trigger the different bases
of the DNA sequence attached to the SWNT and depend on the DNA bases, gases,
and geometry of attachment of the bases and gases to the SWNT. Because of the time-
dependent hopping integral and on-site energy the relevant Green’s functions for the
SWNT (GC) are also time-dependent.
As the experimental timescale of the gas flow is larger than the time of electron
transport inside the SWNT (∼ 10−15 − 10−17s) one can express the leading transport
properties of the metal-SWNT-metal system in terms of the Green’s function given
by G(ǫ, t¯) = [ǫ−H(t¯)]−1, where ǫ = ε ± iη with iη an infinitesimal imaginary
term and H(t¯) is the Hamiltonian at time t¯, using the time-dependent NEGF
formalism, an adiabatic expansion in the slow time variable t¯ = t+t
′
2
and Fourier
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transforming with respect to the fast variable (t − t′) [22, 31]. The time-dependent
nonequilibrium retarded and advanced Green’s functions for the SWNT can be derived
as Gr,aC (ǫ, t¯) = [ǫ−HC(t¯)− ΣS(ǫ, t¯)− ΣD(ǫ, t¯)]
−1, where ΣS(ǫ, t¯) = h
†
SCgS(ǫ, t¯)hSC and
ΣD(ǫ, t¯)=hCDgD(ǫ, t¯)h
†
CD are the self-energy terms due to metallic contacts, with
g{S,D}(ǫ, t¯) = [ǫ − H{S,D}(t¯)]
−1 the Green’s functions of the contacts. This is done by
expanding the Green’s functions up to linear order in the slow variable t¯ using the
adiabatic expansion [22, 31]: Gr,a(t − t′, t¯) = G(0)r,a(t − t′, t¯) + G(1)r,a(t − t′, t¯), where
G(0)r,a(t − t′, t¯) = Gr,a(t − t′, t¯)|t¯=t and G
(1)r,a(t − t′, t¯) = ( t
′−t
2
)∂G
r,a
∂t¯
(t − t′, t¯)|t¯=t are the
zeroth and first order Green’s functions. Taking the Fourier transform with respect
to the fast variable (t − t′), the Green’s functions become Gr,a(ε, t¯) = G(0)r,a(ε, t¯) +
G(1)r,a(ε, t¯). We assume that the coupling to the contacts effectively gives rise to a finite
imaginary term in the self-energies which is larger than iη [32] at all times. Therefore, we
drop the term iη in the Green’s function matrix for the SWNT. The coupling functions
are considered to be energy independent ΓS/D(t, t
′) = τ(t, t′) × exp[i
∫ t
t′ dt1∆S/D(t1)]
with τ(t, t′) = 2π
∑
αǫS,D ραVα,n(t)V
∗
α,n(t
′) [25]. These functions can also be expanded
using the adiabatic expansion as Γ(t − t′, t¯) = Γ(0)(t − t′, t¯) + Γ(1)(t − t′, t¯) with
Γ(0)(t − t′, t¯)=Γ(t − t′, t¯)|t¯=t = Γ
(0)(t¯)=2π
∑
αǫS,D ραVα,n(t¯)V
∗
α,n(t¯) and Γ
(1)(t¯) = (t′ −
t)∆(t¯) = (t′ − t)
[
1
2
∂τ(t−t′,t¯)
∂t¯
|t¯=t − iτ(t¯)∆(0)
]
as the zeroth and first order coupling
functions §. Using these nonequilibrium Green’s functions and coupling functions we
can identify the zeroth and first order contribution to the current: I(t¯) = I(0)(t¯)+I(1)(t¯).
We explicitly calculate the Green’s function (GC) for the Hamiltonian corresponding
to figure 2. In the matrix form, the Hamiltonian of the system can be divided into three
blocks [33] corresponding to the semiconducting SWNT and the two metallic contacts
S and D
H(t¯) =


HS hSC 0
h†SC HC hCD
0 h†CD HD

 , (2)
where H{S,D} are the contact Hamiltonians and HC is the time-dependent tight-binding
Hamiltonian for the SWNT with matrix elements: HAiAi=εAi(t¯),HBiBi=εBi(t¯), the on-
site energy and HAiBi=HBiAi=γii(t¯) [1, 34], HBiAi+1=HAi+1Bi=γi,i+1(t¯), the hopping
integrals and the rest of the off diagonal elements are zero. hSC and hCD are the
coupling matrices between S and D contacts and the SWNT. Assuming the tight-binding
model and using the above Hamiltonian HC(t¯) the zeroth order time-dependent retarded
Green’s function G
(0)r
C can be written in an M ×M matrix form as
§ Suppressing the subscripts S and D from Γ and ∆.
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G
(0)r
C (ε, t¯) =

ε− εA1(t¯)− ΣS(t¯) γ11(t¯)
γ11(t¯) ε− εB1(t¯) γ12(t¯)
γ12(t¯) ε− εA2(t¯)
. . .
. . .
. . .
. . .
. . . ε− εXi(t¯) γpq(t¯)
γpq(t¯) ε− εXi(t¯)− ΣD(t¯)


−1
.(3)
4. Results and discussion
The zeroth order Green’s functions (G(0)<,r,a) lead to the zeroth order current I(0),
which is the Landauer formula [22, 24, 30] in terms of the slow time variable t¯. The
Landauer formula is derived by applying the adiabatic expansion and taking the Fourier
transform of the Green’s functions and the coupling functions in the expression of
the time-dependent current equation (6) of [25] and considering only the zeroth order
contribution. Hence, the time-dependent Landauer formula is found to be
I(0)(t¯) =
e
h¯
∫
dε
2π
Tr(Γ
(0)
S (t¯)G
(0)r
C (ε, t¯)Γ
(0)
D (t¯)G
(0)a
C (ε, t¯))[fS(ε)− fD(ε)]. (4)
This is a significant result of this paper.
The transmission function of the system is identified as T (ε, t¯) =
Tr(Γ
(0)
S (t¯)G
(0)r
C (ε, t¯)Γ
(0)
D (t¯)G
(0)a
C (ε, t¯)), where G
(0)r,a
C (ε, t¯) are the zeroth order retarded
and advanced Green’s functions of the SWNT at t¯ and f{S,D}(ε) are the Fermi distri-
bution functions in the source and drain contacts. The coupling functions are related
to the self-energies by the relationship Γ{S,D}(t¯) = i[Σ{S,D}(t¯) − Σ
†
{S,D}(t¯)], where we
have considered self-energies to be energy independent. Σ{S,D}(t¯) contains both real and
imaginary parts.
To calculate the transmission function, we have assumed that only the first element
of the Γ
(0)
S (t¯)(ΣS(t¯)) matrix and the last element of the Γ
(0)
D (t¯)(ΣD(t¯)) matrix are
present. The rest of the elements of matrices are considered to be zero. Then, the
transmission function depends only on one off diagonal element of GC: T (ε, t¯) =
Γ
(0)
S,11(t¯)G
(0)
C1M(ε, t¯)Γ
(0)
D,MM(t¯)G
(0)∗
C1M(ε, t¯).
To get an explicit expression for the current, we consider linear response [32, 33]. In
linear response, equation (4) becomes I(0)(t¯) = e
h¯
∫ dε
2π
T (ε, t¯)δ[f(ε−µS)−f(ε−µD)], where
µ{S,D} are the chemical potentials associated with the source and drain contacts. This
equation then can be written as I(0)(t¯) = e
h¯
T (εf , t¯)[µS−µD] as δ[f(ε−µS)−f(ε−µD)] =
(µS − µD)(−
∂f
∂ε
) and (−∂f
∂ε
) = δ(εf − ε) [32] where εf is the Fermi energy.
In the experiment [12], there are two DNA sequences: sequence 1 with 21 bases
and sequence 2 with 24 bases. Hence, we have two matrices, one is a 23×23 matrix and
the other is a 26× 26 matrix ‖. For the above Hamiltonian matrix and using Γ
(0)
S,11(t¯) =
‖ Since the first and the last carbon atoms are connected to the source and drain contacts.
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−2Im(ΣS,11(t¯)) = −2ImΣS(t¯) and Γ
(0)
D,MM(t¯) = −2Im(ΣD,MM(t¯)) = −2ImΣD(t¯), the
general expression for the transmission function of a SWNT decorated with DNA
sequence 1 (2) and gas is given by¶
T (εf , t¯) =
4 ImΣS(t¯) ImΣD(t¯) γ
2
11(t¯)γ
2
12(t¯) · · · γ
2
pq(t¯)
|GC
(0)r(εf , t¯)|2M×M
. (5)
Equation (5) gives an explicit formula for the transmission function in terms of γij and
εXi indicating the dependence of the transmission function and hence the current on
the hopping integrals and the on-site energies, which are functions of time t¯.
We also derive the first order contribution to the time-dependent current using
equation (6) of [25]:
I
(1)
S/D(t¯) = −
e
h¯
ImTr
[
Γ(0)(t¯)
{∑
S,D
∫
dε
2π
f(ε)
{(
∂
∂ε
{G(0)rG(0)a}
)
∆(t¯)
+ i
(
G(0)rG(1)a +G(1)rG(0)a
)
Γ(0)(t¯)
}}]
−
e
h¯
ImTr
[ ∫
dε
2π
f(ε)
{
Γ(0)(t¯)G(1)r − i∆(t¯)
∂G(0)r
∂ε
}]
, (6)
where we have used 1
i
∂
∂ε
G(0)r,a(ε, t¯) =
∫∞
−∞ d(t− t
′)eiε(t−t
′)(t− t′)G(0)r,a(t− t′, t¯) and the
dependence of G(0)r,a and G(1)r,a on ε and t¯ has been suppressed. An expression for
G(1)r,a(ε, t¯) can be explicitly calculated from Gr,a(t − t′, t¯) and equation (3) using the
formula: G(1)r,a(ε, t¯) = −( t
′−t
2
)G(0)r,a(ε, t¯) ∂
∂t¯
G−1r,a(t− t′, t¯)|t¯=tG
(0)r,a(ε, t¯). This result is
a contribution in addition to the Landauer formula for the current, equation (4), and
has been presented for the first time for such gas sensors.
The interaction of different gas molecules with DNA-decorated SWNT causes a
redistribution of the charge in the system, leading to a partial charge transfer from
the Gas-DNA-base complex to the SWNT. This deforms the SWNT and changes
the nearest-neighbour carbon-carbon distance acc, thus affecting the hopping integral,
i.e., hopping of electrons between the adjacent carbon atoms and the on-site energy
and therefore changes the sensor response. To analyse the sensor response in terms
of the hopping integral and on-site energy let us consider the model parameters γij
and εXi to have the form γij(∆acc(t¯)) = γ0exp(−∆acc(t¯)/a0) and εXi(∆acc(t¯)) =
ε0exp(−∆acc(t¯)/a0) [35]. Here γ0 and ε0 are the hopping integral and on-site energy
without the gas, with a0 = 0.33 A˚. γij(∆acc(t¯)) and εXi(∆acc(t¯)) are the modified
parameters when the nearest-neighbour carbon-carbon distance acc changes by ∆acc as
a function of time t¯ due to the interaction at time t¯ of gas molecules with the DNA-
decorated SWNT.
The experimental observations [12] show that the current decreases when the device
is exposed to different gases, apart from PA, and it increases when exposed to air. To
demonstrate that the theory and experiment are in agreement we explicitly calculate the
values for ∆I(0)(t¯)/I0 for a 7× 7 matrix (for simplicity of the calculation) using equations
¶ Note: equation (5) for γij = γ0 and εXi = εf = 0 reduces to equations (10) and (11) in [33].
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for the current (4), the transmission function (5) and the form for γij in terms of ∆acc(t¯)
(given in the above paragraph) for methanol with DNA sequence 2 and air. Here, I0 is
the current without the odour. To reproduce the sensor response we fix the parameters
∆acc(t¯) and εf(t¯). Table 1 shows the values of these parameters at each time t¯ considered
in the calculation, where we find ∆acc(t¯) and εf(t¯) are sensitive to the bases of the DNA
sequence. We observe that when the value of ∆acc(t¯) decreases (negative value) and εf(t¯)
increases the corresponding sensor current decreases. The presence of gas molecules and
DNA causes a charge transfer from each Gas-DNA-base complex to the SWNT, which
decreases acc from its pristine values (when there is no gas) and increases εf(t¯) at each
time. This enhances the hopping integral (γij = γ0exp(∆acc(t¯)/a0)) and hence the
transmission function, equation (5). As a result, the electron current increases reducing
the hole current of the p-type SWNT. An increase in εf(t¯) indicates that the Fermi level
shifts away from the valence band (here we have assumed only the contribution of γij
and neglected εXiin (5)). Figure 3 is the plot between the sensor response, calculated
using the parameters given in table 1, and the time for methanol. The sensor response
at times t¯2, t¯3 and t¯5 indicates that the Gas-thymine-base complex transfers charge to
the SWNT, causing a decrease in acc and an increase in εf , resulting in a decrease in
the hole current. While the response at times t¯1 and t¯4 indicates that the Gas-cytosine-
base complex transfers less charge to the SWNT, causing less decrease in acc and less
increase in εf (compared to Gas-thymine-base complex), resulting in an increase in the
hole current. This sensor response is found to be consistent with the experimental result
and shows its sensitivity to the DNA bases.
On the other hand, table 2 gives the values of the parameters ∆acc(t¯) and εf(t¯)
when the DNA-SWNT sensor is exposed to air. When the gas molecules are replaced
by air molecules the charge transfer takes place from SWNT to the Air-DNA-base
complex, causing an increase in acc(t¯) (positive value) from its modified value due to
gas and a decrease in εf(t¯). The zero value of ∆acc(t¯) indicates that acc increases
and acquires its pristine value (figure 4). This results in lowering the hopping integral
(γij = γ0exp(−∆acc(t¯)/a0)) and hence the transmission function, leading to a decrease
in the electron current and therefore an increase in the hole current. A decrease in εf(t¯)
shows that the Fermi level moves towards the valence band. Figure 4 shows the changes
in acc(t¯) when air molecules replace the gas molecules. Figure 5 gives the sensor response
to air, where the charge transfer from SWNT to the Air-thymine-base complex is larger
than the charge transfer from SWNT to the Air-cytosine-base complex. This indicates
the sensitivity of the sensor response to the DNA bases. Figures 3 and 5 show a good
match between the experimental and theoretical results. Hence, the formula reproduces
the current characteristics of the experiment [12].
Using I(t¯) the net charge transfer per second can be calculated as ∆Q(t¯i) =
I(t¯i) − I(t¯i−1). Using the expressions for G
(0) and G(1), we find that I(1)(t¯) changes
with γij(t¯), εXi(t¯), ΣS,D(t¯), ∆(t¯) and
∂γij(t¯)
∂t¯
,
∂εXi(t¯)
∂t¯
,
∂ΣS,D(t¯)
∂t¯
+ while I(0)(t¯) changes with
+ For ∆(t¯) = 0, equation (6) for I(1)(t¯) depends on G(1) and hence is small compared to I(0)(t¯).
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γij(t¯), εXi(t¯) and ΣS,D(t¯). These are some predictions of the model for the experiment.
The results for the time-dependent current can be used to calculate the two-time current
correlation function and compared with the plots calculated from the experiment [12],
figure 1 and will be reported elsewhere.
5. Conclusions
In conclusion, the two-time current correlation function for the experimental data [12]
has been calculated and for this system analytical calculations of quantum electronic
transport have been presented by setting up a tight-binding model and applying the
time-dependent NEGF formalism. The Green’s functions and coupling functions have
been expanded using the adiabatic expansion in the slow variable and the Fourier
transform has been taken with respect to the fast variable. With the help of the Green’s
functions and coupling functions, the zeroth and first order contributions to the current
have been investigated. We explicitly calculate the sensor response by considering a
form for the hopping integral in terms of ∆acc(t¯). The sensor response is found to be
sensitive to the DNA bases.
Equations (1), (4)-(6) carry the principal results of this paper. The correlation
function equation (1) is a measure of the sensitivity and selectivity of the DNA-decorated
SWNT sensors and suggest that these gas flow sensors may also be used as DNA sequence
detectors, where the pattern of correlation functions may be used as a benchmark for the
particular chemical signal encoded in a DNA sequence. Equation (4) presents the zeroth
order time-dependent current, which is the Landauer formula that depends on the slow
time variable t¯. The dependence of the transmission function and hence the current,
on γij(t¯) and εXi(t¯), has been shown by an explicit formula, equation (5). Equation
(6) shows the first order contribution to the current for the experiment [12], which is
proportional to the zeroth and first order Green’s functions. The formula for the time-
dependent current is then used to compare the theoretical results with the experiment.
An expression for the net charge transfer per second is obtained using the current.
The numerical and analytical approaches used in this work can be applied to a broad
range of systems where gas flows over nano-structures doped with different chemical
and biological molecules. This will provide a method for the study of time-dependent
electronic transport in low dimensional disordered systems with gas flow. We believe
that the analyses done in this manuscript are also applicable to DNA-decorated graphene
sensors [36] and give predictions to strengthen future experiments.
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Figure 1. The two-time current correlation function C(t¯) versus t¯(s) for (a)
DMMP + sequence 2 and DNT + sequence 1 (b) TMA + sequence 2 and PA
+ sequence 1 (c) methanol + sequence 1 and (d) methanol + sequence 2.
Table 1. Values for different parameters used in the calculation of the current with
γ0=2.5eV for methanol with DNA sequence 2. The units of εf and ∆acc are eV and
A˚ respectively.
t¯(s) t¯1 t¯2 t¯3 t¯4 t¯5
∆I(0)(t¯)/I0 0.0151 −0.0727 −0.08197 −0.0728 −0.1119
εf (t¯) 1.68 3.29 3.35 1.83 2.96
∆aA1B1 (¯t) −0.004 −0.004 −0.004 −0.004 −0.004
∆aB1A2 (¯t) −0.006 −0.012 −0.012 −0.012 −0.012
∆aA2B2 (¯t) — −0.006 −0.012 −0.012 −0.012
∆aB2A3 (¯t) — — −0.004 −0.008 −0.008
∆aA3B3 (¯t) — — — −0.006 −0.012
∆aB3A4 (¯t) — — — — −0.006
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Figure 2. Portion of an unwrapped SWNT. γij(t¯) are the hopping integrals
indicating hopping between different carbon atoms Ai and Bi at time t¯. Here,
t¯ = t¯1, t¯2, · · · , t¯M/2. γ0 represents the hopping integral in the absence of the
gas. hS1 represents the coupling between the source contact and the first carbon
atom A1 while hM/2 D is the coupling between the last carbon atom XM/2 and
the drain contact. The ovals represent the bases cytosine, thymine etc. of DNA
sequence 2 while the circles indicate the gas molecules.
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Figure 3. The sensor response ∆I(0)(t¯)/I0 versus time t¯(s) for methanol
with DNA sequence 2. This plot shows agreement between the theory and
experiment. We have found similar results for methanol with the other DNA
sequence 1. Experimental data is used from [12] with permission from American
Chemical Society.
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Figure 4. When the device is exposed to air acc changes. ∆aA1B1(t¯2)
and ∆aB1A2(t¯2) become zero, leading to γ11(t¯2)=γ12(t¯2)=γ0, and ∆aA2B2(t¯2)
increases, resulting in γ′22(t¯2), which is different from γ22(t¯2) (figure 2(b)). The
solid circles represent the air molecules.
Table 2. Values for different parameters used in the calculation of the current with
γ0=2.5eV for air.
t¯(s) t¯1 t¯2 t¯3 t¯4 t¯5
∆I(0)(t¯)/I0 −0.2008 −0.1679 −0.1327 −0.1157 −0.1150
εf (t¯) 3.55 3.34 3.22 1.48 2.19
∆aA1B1 (¯t) 0 0 0 0 0
∆aB1A2 (¯t) 0.020 0 0 0 0
∆aA2B2 (¯t) -0.012 0.020 0 0 0
∆aB2A3 (¯t) -0.008 -0.008 0.014 0 0
∆aA3B3 (¯t) -0.012 -0.012 -0.012 0.020 0
∆aB3A4 (¯t) -0.006 -0.006 -0.006 -0.006 0.014
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Figure 5. The sensor response ∆I(0)(t¯)/I0 versus time t¯(s) for air. This plot
again shows agreement between theory and experiment.
